In contrast to the highly functional memory CD8 T cells that are generated following resolution of an acute viral infection, continuous antigenic stimulation results in various stages of T cell dysfunction ([@r1]). This functional exhaustion of CD8 T cells has been documented during chronic viral infections as well as cancer ([@r2][@r3][@r4][@r5][@r6][@r7]--[@r8]). A characteristic feature of exhausted CD8 T cells is expression of various inhibitory receptors, most notably PD-1 (programmed cell death 1) ([@r9], [@r10]). PD-1 is the dominant inhibitory receptor regulating CD8 T cell exhaustion, and blockade of this inhibitory pathway restores T cell function in vivo ([@r6], [@r9], [@r11], [@r12]). This provided the cellular basis for the development of PD-1--directed immunotherapy that is now licensed for use in several different cancers ([@r13]).

Recent studies have provided more clarity and insight on the nature of T cell exhaustion during chronic viral infection. We recently identified a novel population of PD-1+ TCF1 (T cell factor 1)+ virus-specific CD8 T cells that function as resource cells during chronic LCMV infection of mice ([@r14]). These CD8 T cells are quiescent, do not express effector molecules, and are found in lymphoid tissues where they reside predominantly in T cell zones ([@r14]). These CD8 T cells display stem cell-like properties and undergo a slow self-renewal, and also differentiate to give rise to the more terminally differentiated/exhausted CD8 T cells that are found at the major sites of infection in both lymphoid and nonlymphoid tissues. The transcription factor TCF1 is essential for the generation of this stem-like CD8 T cell population during chronic infection. Importantly, the proliferative burst of T cells observed after PD-1 blockade comes exclusively from these PD-1+ TCF1+ stem-like CD8 T cells ([@r14]). Thus, these cells are critical for the effectiveness of PD-1 therapy. Several other studies have confirmed and extended our observations showing that such stem-like CD8 T cells are generated in other chronic viral infections in mice and also in nonhuman primate and human chronic infections ([@r15][@r16][@r17][@r18][@r19][@r20]--[@r21]). In addition, there has been a series of papers during the past year documenting the presence of these PD-1+ TCF1+ CD8 T cells in human cancer and also data suggesting that the frequency of these cells was associated with the clinical outcome of checkpoint immunotherapy ([@r22][@r23]--[@r24]).

Epigenetics plays an important role in regulating the development, differentiation, and function of T cells ([@r25]). In this study, we have done ATAC-seq (assay for transposase-accessible chromatin using sequencing) analysis of these newly defined stem-like CD8 T cells from LCMV chronically infected mice and compared it with the epigenetic profile of the more terminally differentiated (exhausted) CD8 T cells. In addition, we have compared the epigenetic signature of the stem-like cells generated during chronic infection with effector and memory CD8 T cells generated following an acute LCMV infection. The epigenetic signature of the stem-like CD8 T cells from chronically infected mice was different not only from the exhausted CD8 T cells but also distinct from the epigenetic profile of effector and memory CD8 T cells generated during acute infection.

Results and Discussion {#s1}
======================

Chromatin Accessibility Landscapes in Stem-Like and Exhausted CD8 T Cells During Chronic Viral Infection. {#s2}
---------------------------------------------------------------------------------------------------------

To determine how the stem-like and exhausted CD8 T cell subsets differ from each other at the epigenetic level and which transcription factor networks account for their distinct differentiation states, we sorted PD-1+ CXCR5+ Tim-3− stem-like and PD-1+ CXCR5− Tim-3+ exhausted CD8+ T cells from the spleens of mice chronically infected with LCMV on day 45 postinfection ([*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). We generated genome-wide maps of chromatin accessibility using ATAC-seq ([@r26]). Principal component analysis (PCA) of the 5,000 most variably accessible sites segregated stem-like and exhausted CD8 T cells into 2 clearly separate clusters distinct from naïve CD8 T cells ([Fig. 1*A*](#fig01){ref-type="fig"}). To determine the epigenomic markers defining the subset identity of these 2 functionally distinct subsets of T cells, we identified sites of differential accessibility using DESeq2 ([@r27]) ([Fig. 1*B*](#fig01){ref-type="fig"}). Using 1.5-fold log2 difference and *P* \< 0.001 as cutoff, we found a similar number of sites differentially open (*n* = 3,584) or closed (*n* = 3,450) in the stem-like T cells compared with the exhausted T cells. Sequencing read densities at genes encoding the subset-defining phenotypic markers are shown in [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental). Both subsets displayed the same chromatin accessibility pattern at or adjacent to the *Pdcd1* (encoding PD-1) locus, and accessibility at the transcription start sites (TSSs) of *Cxcr5* and *Havcr2* (encoding Tim-3) reflected the cell-surface marker profile used for purification of these 2 subsets.

![Chromatin accessibility profiles of antigen-specific CD8 T cell subsets in chronic LCMV infection. PD-1+ CXCR5+ Tim-3− stem-like and PD-1+ CXCR5− Tim-3+ exhausted CD8 T cells were isolated from LCMV chronically infected mice on day 45 after infection. Naïve (CD44^lo^) CD8 T cells were sorted from uninfected mice. Chromatin accessibility profiles of sorted CD8 T cell subsets were examined using ATAC-seq analysis. (*A*) PCA based on the 5,000 most variable peaks. (*B*) Scatter plot (MA plot) of log-2-fold (log2 FC) differences between stem-like and exhausted T cells versus the mean of normalized logCPM (count-per-million). Red indicates sites that were significantly different (adjusted *P* value \< 0.001, log2 FC \> 1.5). (*C* and *D*) Accessibility tracks for selected genes significantly more open in stem-like CD8 T cells (*C*) or exhausted CD8 T cells (*D*) in chronic LCMV infection.](pnas.1903520116fig01){#fig01}

Sequencing read densities at a few selected genes of subset-specific functional importance are shown in [Fig. 1 *C* and *D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1 *C* and *D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental) Stem-like CD8 T cells contained open peaks for *Tcf7* (TCF1), *Il7r*, *Xcl1*, *Bcl6*, *Ccr7*, and *Cd28* ([Fig. 1*C*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). The *Cd28* peak is about half open. This pattern is consistent with their known biological properties ([@r14]). TCF1 is essential for the generation of the stem-like CD8 T cells, CCR7 is important for localization in the T cell zones, and CD28 signaling is required for the proliferation of stem-like CD8 T cells after PD-1 blockade ([@r14], [@r28]). In particular, the *Xcl1* locus is highly open in stem-like cells compared with exhausted cells. XCL1 attracts type 1 conventional dendritic cells (cDC1s) including CD8α+ lymphoid DCs, which exclusively express XCR1. Our recent discovery of a stem-like CD8 T cell subset, in combination with our observation that B7--CD28 interaction is necessary for the proliferative burst seen after PD-1 blockade ([@r14], [@r28]), is of interest to examine the role of DCs, especially cDC1s, in the proliferation of virus-specific CD8 T cells after PD-1--directed immunotherapy. Exhausted CD8 T cells exhibited a different pattern with open peaks for *Prdm1* (Blimp1, half open) that is involved in differentiation into terminal effector CD8 T cells ([@r29]) and *Heyl* that promotes the differentiation of neuronal progenitor cells ([@r30]) ([Fig. 1*D*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). In addition, the inhibitory receptors \[*Cd244* (2B4) and *Entpd1* (CD39)\] and the regulatory cytokine *Il10* were exclusively open in exhausted CD8 T cells. Consistent with their more differentiated state, these cells were open in effector molecules such as *Gzmb*. Taken together, these results document distinct epigenetic profiles between stem-like and exhausted CD8 T cells during chronic LCMV infection.

Gene Networks Controlled by Proximal Regulatory Regions Distinguishing Stem-Like and Exhausted CD8 T Cells. {#s3}
-----------------------------------------------------------------------------------------------------------

We identified 766 genes within 10 kb of 941 peaks that were significantly more open in stem-like cells and 851 genes within 10 kb of 1,016 sites that were significantly more open in exhausted cells. Ingenuity pathway analysis of differentially accessible genes was used to generate networks that included a maximum of 35 genes and had a score of more than 1 ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). For both subsets, there was one network where all 35 included genes were near sites of increased accessibility. The network structures are shown in [*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental) for stem-like T cells and [*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental) for exhausted T cells, overlaid by gene expression values from RNA-seq analysis. Overall, we see a correlation between chromatin accessibility and gene transcription. Twenty-nine of the 35 more accessible genes were also overexpressed at the transcript levels in stem-like cells (indicated by red color, [*SI Appendix*, Fig. S2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). The network is centered on *Il2* and *Id3*, which are more accessible as well as more transcribed in stem-like cells. In agreement with a previously reported study in LCMV and tumors ([@r24]), we also found that stem-like CD8 T cells had increased accessibility and transcription of *Slamf6* (encoding Ly108). It includes a set of transcriptional regulator genes that have been shown to be involved in memory cell development, including *Tcf7*, *Id3*, and *Bach2* ([@r29]). This resemblance indicates that this transcription factor (TF) network maintains the functionality and survival of stem-like CD8 T cells in chronically infected mice. Moreover, we see increased accessibility and transcription in stem-like cells for *Satb1*, which has been suggested to regulate PD-1 expression ([@r31]).

The network with the best fit for genes more accessible in exhausted cells is shown in [*SI Appendix*, Fig. S2*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental). Thirty-one of the 35 more accessible genes are also more transcribed in exhausted cells. Many of these genes are related to cytotoxic effector function, including *Gzmb* and markers of NK cells such as *Cd244* (2B4) and *Klrb1*, and to migration such as chemokines and chemokine receptors. *Il10* has a central position in this network and is more accessible as well as more transcribed in exhausted cells. TFs included in this network are *Prdm1*, *Runx2*, *Irf4*, and *Stat5a*, which are known to be involved in effector differentiation ([@r29], [@r32][@r33]--[@r34]).

Functional Annotation of Differentially Accessible Distal Regulatory Regions in Stem-Like and Exhausted CD8 T Cells. {#s4}
--------------------------------------------------------------------------------------------------------------------

To include distal *cis*-regulatory regions of functional genes, we applied the Genomic Regions Enrichment of Annotations Tool (GREAT). The majority of differentially accessible regions were mapped to *cis*-regulatory regions between 5 and 50 or 50 and 500 kb from the TSS ([*SI Appendix*, Fig. S3*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). Multiples of these genes had several peaks assigned, ranging up to 25 peaks ([*SI Appendix*, Fig. S3*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). We identified 2,520 genes with more accessible regulatory regions in stem-like cells, 35 of which had ≥10 differentially open sites. As shown in [*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental), genes with multiple differentially open sites tended to also be more expressed. Functional annotation clustering of genes with ≥5 sites showed enrichment for genes involved in cytokine--cytokine receptor interaction and in WNT signaling as dominant pathways. Conversely, GREAT identified 2,946 genes with more accessible regulatory regions in exhausted cells, 16 of them with ≥10 more open sites. The TFs *Id2* and *Prdm1* were the transcriptional regulators with the most differentially accessible regulatory domains ([*SI Appendix*, Fig. S3*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). Genes with multiple differentially open sites in exhausted cells were enriched for the GO term "signaling" in general and more specifically "TCR signaling" and "GTPase binding."

[Fig. 2](#fig02){ref-type="fig"} summarizes the differentially accessible regions for immunologically relevant genes that have been implicated in influencing or determining the functional characteristics of stem-like and exhausted CD8 T cells in chronic infections. Accessibility patterns for selected TFs and chemokine receptors are clearly distinct and nearly mutually exclusive. Exhausted T cells are broadly epigenetically poised to express effector molecules, cytokines/chemokines, and negative regulators, while stem-like cells have increased accessibility to memory genes, chemokines like *Xcl1*, and cytokines such as *Il2*.

![Gene annotations of differentially accessible distal regulatory regions in stem-like and exhausted cells. The number of differentially open gene regulatory regions for genes of functional importance in stem-like (*Left*) and exhausted cells (*Right*).](pnas.1903520116fig02){#fig02}

Transcription Factor Networks Controlling Stem-Like and Exhausted CD8 T Cells Inferred from Differentially Accessible Motifs. {#s5}
-----------------------------------------------------------------------------------------------------------------------------

The results described so far have identified epigenetic differences that could account for differential expression of various TFs in the stem-like and exhausted CD8 T cells during chronic infection. To further associate these TF networks with the differentiation state of the 2 subsets, we calculated the enrichment of TF-binding motifs at sites that significantly differed in accessibility, using HOMER motif analysis software. At peaks more open in the stem-like cells, we found motifs for several members of the HMG, RHD, and TBX families as most significantly enriched ([Fig. 3*A*](#fig03){ref-type="fig"}, *Right*). Top hits encompassed *Tcf3*, *Tcf4*, and *Tcfl2* of the HMG family. *Tcf7*, the member most widely studied in T cells, is not included in the HOMER software, but has a similar binding motif as the other HMG members and is therefore equally enriched. Conversely, ETS and Runx motifs were enriched at sites more open in exhausted cells ([Fig. 3*A*](#fig03){ref-type="fig"}, *Left*). In addition, increased accessibility was seen for a single member of the NR family, *Nur77*, which is an early response gene indicative of TCR-mediated activation ([@r35]).

![Chromatin accessibility peaks are associated with distinct transcription factor families in stem-like and exhausted cells. (*A*) TF family binding motifs enriched in loci more accessible in stem-like (*Right*) or exhausted cells (*Left*); the *x* axis shows the enrichment factor (ratio of the percentage of differential sites with motifs to the percentage of nondifferential sites with motifs), and the *y* axis shows the significance level of enrichment. TF families are indicated by color code. (*B* and *C*) Volcano plots of expression levels of TCF1 (*B*) and NF-κB target genes (*C*) in stem-like vs. exhausted T cells. The color code identifies target genes that were close to a differentially accessible site, with red indicating increased and green indicating reduced openness in stem-like cells.](pnas.1903520116fig03){#fig03}

As an alternative approach to infer TF networks, we used chromVAR, an analytical tool recently developed to identify motifs associated with variability in chromatin accessibilities between individual cells or samples. Results from triplicate experiments of naïve CD8 T cells and the CD8 T cell subsets from chronically infected mice are shown in [*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental). Compared with naïve T cells, both subsets shared increased openness at bZIP, T-box, and NUR77 motifs. Sites displaying motifs for members of the bZIP family including *Batf* were equally open in stem-like and exhausted cells. A few members of the bZIP family, such as *Atf2* and *Atf7*, were more accessible in exhausted T cells, but differences were small. Striking differences between the 2 subsets were seen for TCF and NF-κB motifs, which were accessible in the stem-like but not in the exhausted T cells. Conversely, ETS motifs were not accessible in stem-like cells, setting them apart not only from exhausted but also naïve CD8 T cells. Increased accessibility to ETS motifs in naïve and exhausted CD8 T cells involved different peak sets that only overlapped by less than 5%. To determine whether these 2 different peak sets are enriched for motifs of distinct TFs, we identified ETS motif-containing peaks that were differentially accessible in naïve and exhausted CD8 T cells. We found TCF motifs enriched in the peaks more accessible in naïve T cells and bZIP motifs enriched at sites more accessible in exhausted cells, consistent with their naïve and effector state.

Binding-motif analysis of accessible chromatin sites implicated different TF networks in stem-like and exhausted T cells. To confirm the functional relevance of these TF networks, we compared the transcriptome of these 2 T cell subsets for expression of the respective TF target genes. The epigenome of stem-like cells was most strikingly characterized by increased openness to 2 binding motifs, one common to several TCF members of the HMG family and one motif shared by NF-κB members of the RHD family. In our transcriptome analysis, we focused on TCF1 (encoded by *Tcf7*) that we previously found to be obligatory for generating stem-like T cells ([@r14]). Of 1,438 target genes, we found 359 significantly down-regulated and 379 up-regulated ([Fig. 3*B*](#fig03){ref-type="fig"}). Thus, more than 50% of TCF target genes were differentially expressed in the 2 subpopulations, reflecting highly significant enrichment for TCF1 target genes among differentially expressed genes (*P* = 3.56e-21). As illustrated by the color code in the volcano plot in [Fig. 3*B*](#fig03){ref-type="fig"}, differential accessibility as determined by ATAC-seq highly correlated with differential expression of target genes. Expression of NF-κB target genes, taken as representative for the RHD family motif more accessible in stem-like cells, significantly differed in stem-like and exhausted cells (*P* = 3e-6), again closely aligned with differential chromatin accessibility ([Fig. 3*C*](#fig03){ref-type="fig"}). NF-κB--regulated genes included several molecules involved in trafficking such as *Cxcr5*, *Ccr7*, and *Cxcl10*, which were more accessible in stem-like cells.

Distinct Epigenetic Differentiation Trajectories of CD8 T Cells During Chronic versus Acute Viral Infection. {#s6}
------------------------------------------------------------------------------------------------------------

We next compared the epigenetic signatures of the 2 chronic CD8 T cell subsets with effector and memory CD8 T cells generated following an acute infection. Of particular interest was the question of whether the stem-like CD8 T cells that embody many functional characteristics of memory CD8 T cells, such as ability to proliferate and differentiate and also undergo self-renewal, would have an epigenetic signature that was similar to memory CD8 T cells or have a signature distinct from memory CD8 T cells generated after an acute infection.

To address this question, we isolated virus-specific effector CD8 T cells from the spleen at day 8 after an acute LCMV infection and memory CD8 T cells at 45 d after infection. In this acute LCMV Armstrong infection mouse model, the virus is cleared within 1 wk by a vigorous LCMV-specific CD8 T cell response ([@r36]). The day 8 LCMV-specific effector CD8 T cells were further subdivided into terminal effector (CD127^lo^KLRG1^hi^) and memory precursor (CD127^hi^KLRG1^lo^) cells. These cells will be referred to as d8 TE and d8 MP. Previous studies have shown that most of the day 8 TE cells die whereas the day 8 MP cells survive and give rise to the pool of long-lived memory CD8 T cells ([@r37][@r38][@r39]--[@r40]). We did ATAC-seq analysis of these 5 different populations plus naïve CD8 T cells and, to obtain a global assessment of the epigenetic relationships of the different subsets, we performed PCA on the 5,000 most variable sites ([Fig. 4*A*](#fig04){ref-type="fig"}). The 2 subsets obtained from chronically infected mice formed 2 clearly separate clusters, but quite strikingly both the chronic T cell subsets were distant from the cluster formed by the CD8 T cells (d8 TE, d8 MP, and memory) from acute infection. To determine whether there are common features shared by both subsets from chronically infected mice that set them apart from memory cells from acutely infected mice, we compared the sites that were differentially accessible. Sites identified in exhausted and stem-like cells were frequently shared, both for sites significantly more open as well as more closed in memory cells ([*SI Appendix*, Fig. S5*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)), and fold differences in openness correlated (*r*^2^ = 0.4; [*SI Appendix*, Fig. S5*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). For example, they both displayed the chromatin accessibility patterns adjacent to the *Pdcd1* locus with a peak unique for chronically infected mice ([Fig. 4*B*](#fig04){ref-type="fig"}). Moreover, both chronic subsets (stem-like and exhausted) shared increased accessibilities to *Tox* ([Fig. 4*B*](#fig04){ref-type="fig"}). This demonstrates a common programming for chronic infection and not necessarily for functional impairment.

![Distinct chromatin signatures in stem-like and exhausted T cells from chronically infected mice compared with effector and memory T cells after acute infection. Stem-like and exhausted T cells from chronically infected mice (d45), naïve CD8 T cells from uninfected mice, and LCMV-specific memory precursor (CD127^hi^KLRG1^lo^, d8 MP), terminal effector (CD127^lo^KLRG1^hi^, d8 TE), and memory T cells (d45) from acutely infected mice are compared. (*A*) PCA based on the 5,000 most variable peaks across the indicated 6 CD8 subpopulations. (*B*) Accessibility tracks for genes which are exclusively open in stem-like and exhausted CD8 T cells generated in chronic LCMV infection and different from effector and memory CD8 T cells generated by acute LCMV infection. (*C*) The heatmaps show the accessibility across ±2-kb regions around those sites that were significantly more open in stem-like (*Top*) or exhausted T cells (*Middle*). Line graphs (*Bottom*) show the average intensity of sites more accessible in stem-like (blue line) or in exhausted cells (green line) for these 6 subsets. (*D*) TF-motif deviation scores from chromVAR analysis for selected TFs are shown as box plots of triplicate measurements. (*E*) Accessibility track for *Gzmb* which is selectively closed in naïve and stem-like CD8 T cells.](pnas.1903520116fig04){#fig04}

Nevertheless, exhausted and stem-like T cells had clearly distinctive features that could be traced back to naïve or effector T cells. As illustrated in [Fig. 4*C*](#fig04){ref-type="fig"}, we compared how sites more accessible in exhausted or in stem-like CD8 T cells appear in naïve T cells or different subsets after acute infection. Results are shown as peak-centered heatmaps of ATAC-seq read densities. The accessibility pattern in stem-like cells was more similar to naïve T cells, while the pattern in exhausted T cells showed some overlap with that of terminal effector T cells on day 8 after acute infection.

This distinctiveness of each subset is also evident in the TF networks implicated through chromVAR analysis of all subsets from acutely and chronically infected mice ([*SI Appendix*, Fig. S6*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental)). The deviation scores were normalized across all TFs within each replicate to allow visualization of similarities or dissimilarities of the rank order of accessibility associated with different motifs between samples. Memory precursors and effectors, both taken on day 8 after acute infection, closely coclustered. Memory T cells collected after day 45 clustered most closely to naïve cells. The 2 T cell subsets from chronically infected mice formed very well defined and completely distinct clusters. Absolute deviation scores (not normalized across each sample) for selected TFs displaying highest accessibility variability across samples are shown as box plots from triplicate experiments for naïve CD8 T cells and the 5 subsets of LCMV-specific cells (d8 MP, d8 TE, and memory cells after acute infection, and stem-like and exhausted cells in chronic infections) in [Fig. 4*D*](#fig04){ref-type="fig"}. Additional box plots of deviation scores are shown in [*SI Appendix*, Fig. S6*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental) for TFs that are known to be involved in T cell activation. The hallmark feature for exhausted T cells was that they had lost accessibility to TCF motifs, even more so than effector T cells during acute infection. Stem-like T cells were unique in that they have gained accessibility to NF-κB-p65 motifs while closing sites harboring ETS motifs ([Fig. 4*D*](#fig04){ref-type="fig"}). NUR77 and BATF accessibility was consistent with the activation state of the cell populations. ATF2 was unusual as a bZIP family member in that its motif was more accessible in exhausted cells. Surprisingly, NFAT sites were most accessible in stem-like cells, and both populations from chronically infected mice had lost accessibility for RUNX.

A particularly interesting epigenetic difference is seen at the granzyme B locus ([Fig. 4*E*](#fig04){ref-type="fig"}). The granzyme B locus is open in effector CD8 T cells that express large amounts of granzyme B during acute infection, and this locus remains open in memory CD8 T cells even after the viral infection is cleared and there is minimal to no granzyme B expression. Thus, the memory CD8 T cells generated after an acute viral infection are poised to rapidly express granzyme B ([@r40], [@r41]). Quite strikingly, the granzyme B locus is closed in the stem-like CD8 T cells from chronically infected mice, showing that these cells have acquired an epigenetic program to regulate granzyme B expression. This further highlights the differences between the stem-like CD8 T cells from chronically infected mice and memory CD8 T cells generated after an acute infection.

Perhaps the most interesting finding from these studies is that the stem-like CD8 T cells generated during chronic infection have a unique epigenetic signature that is distinct from effector and memory CD8 T cells generated during acute infection. Even though the stem-like CD8 T cells from chronic infection have captured some key biological properties of conventional memory CD8 T cells generated after an acute infection or vaccination, they exhibit a distinct transcriptional and epigenetic program. This clearly shows that these TCF1+ PD-1+ stem-like CD8 T cells represent a specific adaptation of the CD8 T cell response to chronic antigenic stimulation.

Materials and Methods {#s7}
=====================

A detailed description of materials and methods is provided in [*SI Appendix*, *Materials and Methods*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1903520116/-/DCSupplemental). Memory precursor (CD127^hi^KLRG1^lo^) and terminal effector (CD127^lo^KLRG1^hi^) P14 CD8 T cells were sorted from acutely infected mice on day 8 postinfection. Memory P14 CD8 T cells from immune mice and PD-1+ CXCR5+ Tim-3− stem-like and PD-1+ CXCR5− Tim-3+ exhausted CD8 T cells from chronically infected mice were all sorted on day 45 postinfection. Naïve CD44^lo^CD8 T cells were isolated from uninfected mice. All animal experiments were performed in accordance with Emory University Institutional Animal Care and Use Committee.

Fifty thousand sorted T cells were used for ATAC-seq analysis. Transcription factor binding site prediction analysis was performed using HOMER ([@r42]) and the chromVAR ([@r43]) package in R ([@r44]). Ingenuity pathway analysis was used to identify networks of genes with differential accessibility. Differentially accessible sites were assigned to genes based on regulatory domain associations as defined by GREAT ([@r45]).
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